
Title of the invention 

Method and installation for densifying porous substrates 
by chemical vapour infiltration 

5 Background of the invention 

The invention relates to densifying porous substrates by 
chemical vapour infiltration (CVI) . 

The field of application of the invention is that of 
making parts out of thermostructural composite material, i.e. 
10 out of a composite material that not only possesses mechanical 
properties that enable it to be used for making structural 
parts ^ but that also has the ability to conserve these 
properties at high temperatures. Typical examples of 

thermostructural composite materials are carbon/carbon (C/C) 
|2|5 composites having a reinforcing fabric of carbon fibers 
IZ densified by a pyrolytic carbon matrix, and ceramic matrix 
r: composites (CMCs) having a reinforcing fabric of refractory 
l.. fibers (carbon or ceramic) densified by a ceramic matrix, 
fll A well known process for densifying porous substrates to 

pi) make C/C composite or CMC parts is chemical vapour 
infiltration. The substrates to be densified are placed in a 
loading zone of an oven in which they are heated. h reactive 
gas containing one or more gaseous precursors of the material 
that is to constitute the matrix in introduced into the oven. 
25 The temperature and pressure inside the oven are adjusted to 
enable the reactive gas to diffuse within the pores of the 
substrates and deposit matrix-constituting material therein by 
one or more components of the reactive gas decomposing or 
reacting together^ said components constituting the matrix 
30 precursor. The process is performed under low pressure in 
order to encourage the reactive gases to diffuse into the 
substrates. The transformation temperature of the 

precursor (s) to form the matrix material;, such as pyrolytic 
carbon or ceramic, is usually greater than 900 ""C, and is 
35 typically close to lOOO'^C. 
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In order to enable substrates throughout the loading zone 
of the oven to be densified as uniformly as possible, whether 
in terms of increasing density or in terms of the 
microstructure of the matrix material that is formed, it is 
5 necessary for the temperature throughout the loading zone to 
be substantially uniform. 

Such ovens usually also include a zone situated between 
the reactive gas inlet into the oven and the loading zone of 
the oven in which the reactive gas is heated. Typically the 

10 gas heating zone comprises a plurality of perforated plates 
through which the reactive gas passes. 

r| The gas-heating plates, like the substrates, are heated 

J-'J because they are present in the oven. The oven is generally 
heated by means of a susceptor, e.g. made of graphite, which 

'lj5 defines the side wall of the oven and which is inductively 

|t| coupled to an induction coil surrounding the oven, or is 
, heated by resistors surrounding the susceptor, 

fll The Applicants have found that the presence of a zone for 

heating the reactive gas does not always give the desired 

gp result. A significant example is that of densifying 

substrates constituted by annular preforms of carbon fibers or 
pre-densif led annular blanks for use in making C/C composite 
brake disks. The substrates are placed in one or more 
vertical stacks in the loading zone above the gas heating zone 

25 which is situated at the bottom of the oven. In spite of the 
reactive gas being heated, a temperature gradient is observed 
between the bottom of the loading zone and the remainder 
thereof, with the temperature close to substrates situated at 
the bottom of the stack possibly being several tens of °C 

30 lower than the temperature that applies in the remainder of 
the stack. This gives rise to a large densif ication gradient 
between the substrates, depending on the position of a 
substrate within the stack. 

In order to solve that problem, it would be possible to 

35 increase the efficiency with which the reactive gas is heated 
by increasing the heating zone. Nevertheless, for given total 
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volume of the oven, that would reduce the working volume 
available in the loading zone. Unfortunately, chemical vapour 
infiltration processes require large amounts of industrial 
investment and they are very lengthy to perform. It is 
therefore highly desirable for ovens to have high 
productivity^ whether they be ovens already in service or new 
ovens yet to be built, and thus as high as possible a ratio of 
working volume dedicated to the load of substrates over the 
volume which is dedicated to heating the reactive gas. 

Object and summary of the invention 

The object of the invention is to propose a method of 
densif ication by chemical vapour infiltration which makes it 
possible to obtain a temperature gradient which is very small 
throughout the loading zone, but without requiring a large 
volume for the zone that heats the reactive gas, and thus 
without deteriorating, and possibly even improving the 
productivity of such ovens, 
ill This object is achieved by a method of the type 

2-?P comprising the steps of : 

- loading substrates for densif ication in a loading zone 
of an oven; 

- heating the substrates in the oven so as to raise them 
to a temperature at which the desired matrix material is 

25 formed from the precursor gas{es) contained in the reactive 
gas; 

- admitting the reactive gas to one end of the oven; and 

~ heating the reactive gas after it has entered into the 
oven by passing it through a gas heating zone situated 
30 upstream from the loading zone in the flow direction of the 
reactive gas in the oven; 

in which method, according to the invention: 

- the reactive gas is preheated prior to entering into 
the oven so that on entering into the oven it is brought to an 

35 intermediate temperature between ambient temperature and the 
temperature to which the substrates are heated. 
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Preheating the reactive gas outside the loading zone 
enables the heating zone situated within the oven to be more 
effective in bringing the reactive gas to the desired 
temperature as soon as it penetrates into the substrate 
5 loading zone. 

When infiltration is performed at a temperature greater 
than 900 ^C^ the reactive gas is preheated prior to entering 
into the oven so that on entering the oven it is at a 
temperature which is preferably not less than 200 ''C. 

10 Nevertheless, it is preferable for the temperature to which 
the gas is preheated not to exceed 900*'C, or even 600°C, in 

i^j order to avoid any unwanted deposits due to the precursor (s) 

f-jj being transformed prior to penetrating into the oven, and in 
order to make it possible to use relatively ordinary materials 

M> for the pipework feeding the oven with preheated reactive gas 
and for components such as valves and gaskets mounted in said 

,^ pipework. 

^•^ Preheating can be performed at a gas pressure that is 

Iflj substantially equal to the pressure that exists inside the 
go oven, or else at a higher pressure. When performed at a 

I; si 

higher pressure, the preheated reactive gas is expanded before 

entering the oven. 

The invention also seeks to provide an installation 

enabling the method to be implemented. 
25 This object is achieved by means of an installation of 

the type comprising: 

an oven, a zone for loading substrates into the oven, 

means for heating substrates in the loading zone, at least one 

inlet for admitting reactive gas into the oven, and at least 
30 one gas heating zone situated in the oven between the reactive 

gas inlet and the loading zone, 

in which installation, according to the invention, there 

is also provided at least one gas preheating device situated 

outside the oven and connected to at least one reactive gas 
35 inlet to the oven, so as to preheat the reactive gas before it 

enters the oven. 
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In an embodiment of the invention, the preheating device 
comprises an electrical heater tube inserted in a duct for 
feeding reactive gas to the reactive gas inlet of the oven. 

In other embodiments of the invention, the preheater 
5 device comprises a gas boiler or an electric oven having at 
least one duct or bundle of tubes passing therethrough for 
conveying the reactive gas to be preheated. 

Brief description of the drawings 
10 Other features and advantages of the method of the 

invention and of installations of the invention will appear on 

reading the following description given by way of non-limiting 
C^l indication and with reference to the accompanying drawings, in 

which: 

Ql5 - Figure 1 is a highly diagrammatic section view of a 

ffl first embodiment of a densifying installation of the 
^ invention; 

ril - Figure 2 is a graph showing curves that illustrate how 

the temperature of the reactive gas varies from prior to 

r n 

§P entering the oven to immediately after entering the substrate 
loading zone, both with preheating of the reactive gas and 
without preheating of the reactive gas; 

- Figure 3 is a highly diagrammatic section view of a 
second embodiment of a densifying installation of the 

25 invention; 

- Figure 4 shows another way of loading substrates in a 
densifying installation; 

~ Figure 5 is a diagram showing yet another way of 
loading substrates in an oven in the form of a plurality of 
30 annular stacks; 

- Figure 6 is a highly diagrammatic section view on plane 
VI-VI of Figure 5; and 

Figure 7 is a fragmentary view of a densifying 
installation showing a variant implementation of the reactive 
35 gas feed of the oven, in which the load in the oven is formed 
by a plurality of stacks of substrates. 
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Detailed description of embodiments 

Implementations of the method and embodiments of the 
installation of the invention are described below in the 
5 context of an application to densifying annular porous 
substrates. The latter may constitute carbon fiber preforms or 
pre-densif led blanks for making brake disks out of C/C 
composite material, the pre-densif ied blanks being obtained by 
pre-densif ication of performs by chemical vapour infiltration 

10 or by liquid (resin) impregnation followed by carbonization. 
Such brake disks are commonly used for aircraft landing gears 

^ and for racing cars . 

■!!!sf 

|-j Figure 1 is a diagram showing an oven 10 defined by a 

cylindrical side wall 12, a bottom wall lA, and a top wall 16. 

Jip The wall 12 constitutes a secondary transformer circuit or 

JJJ susceptor, e.g. being made out of graphite, and it is coupled 

•~ with a primary transformer circuit or induction coil 18 

Lj. situated outside the oven, with insulation 20 interposed 

i; si 

fij between them. The oven is heated by the susceptor 12 when 

lip electricity is fed to the induction coil 18. 

The reactive gas is introduced into the oven via a 
passage 22 formed through the bottom wall 14, and the effluent 
gas is extracted via a passage 24 formed through the top wall 
16, the passage 24 being connected by a pipe 26 to suction 

25 means such as a vacuum pump (not shown) . 

Substrates 32 to be densified are placed so as to form an 
annular vertical stack which is closed at the top by a cover 
34, The stacked substrates thus subdivide the inside volume 
of the loading zone 30 into a volume 36 inside the stack 

30 constituted by the aligned central passages of the substrates, 
and a volume 38 outside the stack. 

The stack of substrates stands on a bottom support plate 
40, and it can be subdivided into a plurality of superposed 
sections that are separated by one or more intermediate plates 

35 42, the plates 40, 42 having central passages 41, 43 in 
alignment with the passages of the substrates 32. Although 
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only one stack is shown in Figure 1, a plurality of stacks 
could be placed side by side in the oven 10, as described 
below. 

As shown by the detail in Figure 1^ each substrate 32 is 
5 spaced apart from an adjacent substrate, or where appropriate 
a plate 40, 42 or the cover 34, by spacers 44 which leave gaps 
46. The spacers 44, or at least a fraction of them, are 
arranged to leave passages for the gas between the volumes 36 
and 38 via the gaps 46. These passages can be provided in 

10 such a manner as to ensure pressures in the volumes 36 and 38 
are in equilibrium, as described in US patent No. 5 904 957, 
or in such a manner as to constitute simple leakage passages 
for maintarning a pressure gradient between the volumes 36 and 

|l| 38^ as described in the French patent application filed under 

jjs the No. 01/03004. 

A gas heating zone 50 extends between the bottom 14 of 
the oven and the bottom support plate 40. In conventional 

1-^ manner, the heating zone 50 comprises a plurality of 
perforated plates 52, e.g. made of graphite, C/C composite or 

01) CMC;, placed one above the other, and spaced apart from one 
another. The plates 52 can be received in a housing having a 
bottom 54 and a side wall 56, and defining the heating zone. 
A pipe 58 connects the reactive gas inlet 22 to the heating 
zone 30 through the bottom 54. 

25 Underframes and legs 48 support the gas-heating housing 

and the plates 40^ 42. All of these elements are made out of 
graphite, for example. 

The reactive gas admitted into the oven via the inlet 22 
passes through the heating zone 30 and penetrates into the 

30 volume 36 through the central orifice 41 of the plate 40. The 
reactive gas flows from the volume 3 6 towards the volume 38 by 
passing through the pores of the substrate 32 and through the 
passages provided in the gaps 46. The effluent gas is 
extracted from the volume 38 via the outlet 24. 

35 In a variant embodiment, the volume 36 can be closed at 

the bottom and put into communication with the outlet 24 at 
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the top- The reactive gas coming from the heating zone 30 is 
then admitted into the volume 38 of the loading zone and gas 
flows through said zone from the volume 38 towards the volume 
36r the volume 38 then being closed at the top. 
5 In yet another variant, the reactive gas inlet can be 

provided through the top wall 16 of the oven, in which case 
the heating zone is situated in the top portion of the oven. 
That one of the two volumes 35 and 38 which is communication 
with the heating zone is closed at its bottom end, while the 
10 other one of said two volumes communicates with a gas outlet 
formed through the bottom wall of the oven. 

To form a matrix of pyrolytic carbon, the reactive gas 
contains one or more precursors of carbon, such as 
ly hydrocarbons. Commonly used precursors are methane, propane, 
55 or a mixture thereof. Chemical vapour infiltration is 
performed at a temperature which is generally greater than 
900 ''C, for example in the range 950 ""C to 1100°C, and at low 
pressure, for example at a pressure of less than 

i;! 0.1 kilopascals (kPa) . 

HI ^ 

0t) In accordance with the invention, the reactive gas is 

preheated prior to being admitted into the oven by passing 
through a preheater device 60 connected by a feed pipe 62 to 
the inlet 22 of the oven. The pipe 62 is preferably thermally 
insulated. An isolating valve 64 is installed on the pipe 62 

25 immediately upstream from the inlet 22 to the oven so as to 
make it possible, where appropriate, to isolate the oven from 
the reactive gas feed circuit. 

In the embodiment of Figure 1, the preheater device 
comprises an electrical heater tube 66 which conveys the 

30 reactive gas coming from a source 68 and which is connected to 
the pipe 62 . 

Electrical heater tubes are known devices for heating 
flowing fluids. Heat is produced by the Joule effect by 
allowing an electrical current to flow through a section of 
35 the tube. The tube constitutes simultaneously an electrical 
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resistance element, a fluid flow duct;, and a heat exchange 
surface. 

The electrical current is produced by an electrical power 
supply circuit 70 delivering a voltage U and connected to the 
5 ends of the tube section. Circuit 70 receives information 
delivered by a sensor 12, e.g. a thermocouple, placed at the 
outlet from the preheater device. The preheating temperature 
is regulated to a predetermined value by automatically 
adjusting the voltage U as a function of the temperature 

10 measured by the sensor 72. 

The reactive gas can be heated under the low pressure 

l± that exists inside the oven, with an expander 74 being located 
at the outlet from the gas source 68. 

yj In a variant, the reactive gas can be heated under 

't3 pressure that is greater than that which exists inside the 
oven, i.e. at a pressure that is intermediate between the 
pressure in the source 68 and the pressure in the oven. Under 
such circumstances, the preheated reactive gas is expanded 

L-i5 prior to entering into the oven, e.g. by passing through a 

If® calibrated orifice fitted in the feed pipe 62. 

T- The purpose of preheating the reactive gas is to ensure 

that after the gas has been further heated by passing through 
the heating zone 50, it penetrates into the loading zone at a 
temperature that is equal or close to the temperature 

25 necessary for avoiding a significant temperature gradient 
between the bottom of the loading zone and the remainder 
thereof . 

In order to be effective, the reactive gas should 
preferably be preheated so that the gas delivered to the inlet 
30 of the oven is at a temperature of at least 200''C. 

The preheating temperature, i.e, the temperature at the 
outlet from the preheating device, must nevertheless be 
limited in order to avoid the risk of forming unwanted 
deposits (soot) in the feed pipe 62, and also because of 
35 constraints of a technological nature. 
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Thus, the preheating temperature is selected to be no 
greater than 800^C in order to avoid unwanted deposits, and 
preferably no greater than 600 °C so as to make it possible to 
use materials of affordable cost for the pipe 62 (e.g. steel) 
5 and for the isolating valve 64 and for any other components 
that are exposed to the preheated gas, such as sealing 
gaskets . 

Depending on the length of the pipe 62 and how well it is 
heat-insulated, the temperature of the preheated gas can drop 

10 to a greater or lesser extent after leaving the preheating 
device and before entering the oven. Thus, with preheating to 
600 °C, the temperature of the gas can lose a few degrees to a 

f% few tens of degrees before penetrating into the oven, or 
possibly a little upstream therefrom due to the influence of 

§^ the atmosphere inside the oven. 

:!! Tests have been performed feeding an oven similar to that 

shown in Figure 1 with a reactive gas preheated to 600 °C. The 
temperature of the gas was measured at the outlet from the 

f il 

ly preheating device, along the feed pipe, at the inlet into the 

oven, and at the outlet from the heating zone 50 situated 
|sb inside the oven. Curve A in Figure 2 shows the observed 

variation in temperature. 

Other tests have been performed with preheating to a 

temperature of 500 °C, respectively with the reactive gas 
25 flowing at the same rate and with the gas flowing at a rate 

increased by about 42%. Curves B and C in Figure 2 show the 

measured temperature variations. 

By way of comparison, tests were performed without 

preheating, the reactive gas being admitted into the pipe 62 
30 at a temperature of 20'^C and at the same flow rate as for 

preheating at 600 °C. Curve D in Figure 2 shows the measured 

variation in the temperature of the reactive gas until it 

penetrated into the oven loading zone. 

For a given flow rate of reactive gas, and using the same 
35 heating zone, preheating the gas to 600 °C and to 500°C (curves 

A and B) make it possible to raise the gas to temperatures of 
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about 993 °C and 975 °C on entry into the loading zone, whereas 
without preheating (curve D) , said temperature was 
considerably lower at 850C°. 

Thus preheating the gas serves to avoid a temperature 
gradient liable to give rise to a significant gradient in 
densification between substrates situated at the bottom of the 
stack and the other substrates. 

The Applicants estimate that increasing the efficiency of 
the heating zone 50 so as to make it possible without gas 
preheating to achieve a result similar to that obtained with 
gas preheating would require at least 5% of the loading volume 
to be taken for that purpose. Preheating the reactive gas 
outside the oven thus makes it possible to improve oven 
productivity significantly. 

In addition, preheating to 500 °C conserves its 
effectiveness with a significantly increased flow rate since 
the temperature at the inlet to the loading zone was about 
950 °C (curve C) . Preheating thus makes it possible to 
increase the flow rate of the reactive gas, which is favorable 
to decreasing the total duration of the densification process. 

Figure 3 shows a variant embodiment of the densification 
installation which differs from that of Figure 1 in that the 
preheating device 8 0 is not formed by an electrical heater 
tube, but by a gas boiler. 

The boiler 80 has a burner 82 fed with fuel gas, e.g. a 
gaseous hydrocarbon such as natural gas, via a pipe 75 having 
a regulator valve 76 mounted thereon. The burner 82 is fed 
with dilution air via a pipe 78 having a compressor 79 and a 
regulator valve 84 mounted thereon. The resulting combustion 
gases pass through a heat exchanger 86 prior to being 
evacuated via a chimney 88. The reactive gas coming from the 
source 68 flows through the heat exchanger 8 6 via a duct 87 
prior to being admitted into the oven via the feed pipe 62. 

The regulator valves 76 and 84 are controlled by a 
regulator circuit 90 as a function of a signal supplied by a 
temperature sensor 72 at the outlet from the boiler 80 so as 
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to set the temperature to which the reactive gas is preheated 
to the desired value. 

A fraction of the effluent gas can be taken from the pipe 
26 for mixing with the fuel gas which feeds the burner of the 
5 boiler. 

Naturally, other types of fluid heater device could be 
used for preheating the reactive gas. 

Thus, the reactive gas could be preheated by flowing 
along a tube or a bundle of tubes in an oven that is heated by 
10 electrical resistance elements, with the temperature of the 
reactive gas at the outlet from the heater device being 
regulated by controlling the power supplied to the electrical 
Q resistance elements. 

'ji Figure 4 shows a variant technique for loading the 

ite substrates 32. As shown in the detail of Figure 4, the gaps 
4 6 between adjacent substrates or between a substrate and a 

f plate 40, 42 or cover 34 are provided with annular spacers 
which close off the gaps 4 6 in leaktight manner. As a result, 
: the reactive gas can pass from the volume 36 into the volume 

2Q 38 solely by passing through the pores in the substrates, 
thereby giving rise to a quite significant pressure gradient 
between these two volumes. 

Figures 5 and 6 show a variant loading configuration for 
the substrates which differs from the loading shown in 

25 Figure 1 in that the substrates 32 are disposed as a plurality 
of annular stacks 31a, 31b, 31c, 31d, 31e, 31f, and 31g all 
standing on the support plate 40. The support plate has a 
plurality of passages such as 41a in alignment with the inside 
volumes 36a to 36g of the stacks, and each stack is closed on 

30 top by a cover such as 34a. The reactive gas flows through 
the heating zone 50 and then the inside volumes of the stacks 
from which the gas passes into the volume 38 outside the 
stacks inside the loading zone 30. Although seven stacks are 
shown in Figure 6, the number of stacks could naturally be 

35 different, and in particular it could be greater than seven. 
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Figure 7 shows another way of feeding an oven with 
reactive gas when the load is in the form of a plurality of 
annular stacks. This embodiment differs from that of Figure 5 
in that the stacks are fed individually with reactive gas. 

Thus, a plurality of passages are formed through the 
bottom 14 of the oven substantially in alignment with the 
inside volumes of the stacks. In Figure 7, only three 
passages 22a, 22c, and 22f can be seen, in alignment with the 
inside volumes 36a, 36c, and 36f of the stacks 32a, 32c, and 
32f. Individual reactive gas feed pipes such as 62a, 62c, and 
62f are connected to passages formed in the bottom of the 
oven. 

The stacks supported by the plate 40 surmount individual 
heating zones such as 50a, 50c, and 50f. The heating zones 
are defined by respective vertical cylindrical walls 56a, 56c, 
and 5 6f, a common bottom 54, and the plate 40. Pipes such as 
58a, 58c, and 58f connect the openings formed through the 
bottom of the oven to the various heating zones via respective 
orifices formed in the bottom 54 of the heater housing. Each 
heater zone comprises a plurality of perforated plates 52 
placed one above another. 

Valves such as 64a, 64c, and 64f are fitted in the 
individual feed pipes. 

In the installation shown, reactive gas coming from the 
preheater device (not shown in Figure 7) flows along a common 
pipe 62 to which the individual pipes such as 62a, 62c, and 
62f are connected. The stacks are then fed with reactive gas 
that has been preheated to a common temperature. 

In a variant, in order to accommodate possible 
temperature differences within the heating zones and at the 
bottoms of the stacks, depending on the locations of the 
stacks within the oven, the individual pipes such as 62a, 62c, 
and 62f can be connected to respective preheater devices. 
This makes it possible for the preheating temperature of the 
reactive gas to be adjusted individually as a function of the 
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position within the oven of the particular stack of substrates 
to which the reactive gas is delivered. 

Finally, it should be observed that the field of 
application of the invention is not limited in any way to 
making C/C composite brake disks, but also extends to making 
other parts out of C/C composite material, for example the 
diverging portions of rocket engine nozzles, as shown in 
particular in US patent No. 5 904 957 cited above. More 
generally, the invention can be implemented for making parts 
out of any type of thermostructural composite material, i.e. 
not only out of C/C composite materials, but also out of CMCs. 
With CMCs, the reactive gas is selected as a function of the 
particular nature of the ceramic matrix. Gaseous precursors 
for ceramic matrices are well known, for example 
methyltricholosilane (MTS) and hydrogen gas (H2) to form a 
matrix of silicon carbide. Reference can be made to French 
patent No. 2 401 888 which describes methods of forming 
various kinds of ceramic. 
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